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Abstract 
The measurement of blood-plasma velocity distributions with high spatial and temporal resolution in vivo is 
important for the investigation of embryonic heart at its early stage development. Optical Coherence Tomography is a 
non-invasive imaging modality with high resolution (5 to 20µm) that can provide flow velocity information by 
calculating the Doppler frequency shift. In this paper, a high speed spectral optical coherence tomography system was 
demonstrated. An achievable scanning speed of 92k line/sec has been reached by using an ultra-high speed linear 
array CCD camera.  The measurable flow velocity range is [-24,24]mm/s using this system.  Early stage Chicken 
embryo heart blood flow was measured in vivo. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [CEIS 2011] 
 
Keywords: optical coherence tomography; flow; spectral domain; Doppler angle 
 
* * Corresponding author. Tel.: +86 13933644184 
E-mail address: mazhenhe@163.com 
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
5319Ma Zhenhe et al. / Procedia Engineering 15 (2011) 5318 – 53222 Ma Zhenhe et al / Procedia Engineering 00 (2011) 000–000 
( )FAOzaEzaEzEzkIF RRR +−++⊗Γ= )()()()()]([ *2δ
+⎜ += ∫ ∫∫
∞−
,, )(2exp()()()2cos()(2)()( nzizzadzknzzaEEkSkI RR
1. Introduction 
Optical coherence tomography (OCT)[1,2] is a new imaging modality developed to image the highly 
scattering medium, such as biological tissue. The core of the OCT system is a Michelson interferometer 
illuminated by a broadband light source. It was demonstrated that this technique provides depth-resolved 
image of the biological tissue with high resolution in a non-contact and noninvasive manner.  
Traditionally, the systems built for clinical and biological uses are time domain OCT, Which is 
characterized by employing a scanning reference arm to coherently gate backscattered light from various 
depths in a sample. The mechanism of scanning largely limits the acquisition speed and makes real-time 
imaging difficult. Recently, spectral domain OCT (SDOCT) is becoming more and more popular because 
of its high sensitivity and high acquisition speed [3,4]. Furthermore, flow velocity can be measured by 
phase difference calculation between adjacent two A-scans[5].  
In this paper, we demonstrated a high-speed SDOCT system using ultra-high speed linear array CCD 
camera and IMAQ grabber. Through a 1145 lines/mm diffraction grating and a long focal length lens high 
resolution spectrum (~0.14nm/pixel) is achieved. This resolution can provide theoretical measurable 
range as 3.2mm in air. A maximum line scan rate of 92k lines/sec has been achieved in our system. Thus, 
the measurable flow velocity range can reach [-24,24] mm/sec. Early stage chicken embryo blood flow 
was measured in vivo using this system. 
2. Methods 
2.1.  Basic Theory 
The technique of SOCT is based on spectral interferometer where the interference spectrum between 
reference and sample arms is registered by a spectrometer. A partially coherent beam originating from a 
broadband light source is split into two beams. One beam acts as the reference beam. And another 
penetrates the object along the z-axis that is subsequently backscattered from the layers located at 
different depths (z-axis). In other words, this backscattering light from the object consists of many 
elementary waves emanating from different depths. It is then superimposed with the quasi-plane wave 
from the reference beam. At the exit of interferometer, a spectrometer locally disperses the 
interferometric signal because it consists of different wavelengths λ within a specified optical band Δλ, 
which are subsequently captured by a linear CCD camera. The interference signal I(λ) in k space can be 
written as:            
                                                                                     (1)  
Where S(k) is the spectral intensity distribution of light source; ER is the amplitude of reference light; n is 
the refractive index of sample; a(z) is the scattering amplitude of elementary waves versus depth z. The 
second term on the right hand of Eq.(1) encodes the depth information of the object, depicting as a sum of 
cosine functions. This term represents the interference between light returning from reference and sample 
arms. Depth information is retrieved by performing an direct Fourier transform of Eq.(1): 
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(2) 
Where ⊗ indicates the convolution operation, Γ(z) represents the envelope of the coherence function. We 
can see that there are four components in SOCT signal. The first term is the Fourier transformation of the 
source spectrum (dc noise) located at z=0.The second term including a(z) representing the spatial 
backscattering distribution of the sample along the depth. The third term including a*(-z) is the conjugate 
of the second term. The final term is introduced by mutual interference of backscattering light from 
different depth in the object. This term can be ignored since ER is much bigger than a(z) in biological 
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tissues. As it is shown in Eq.(2), we can get depth information without scanning and this make high speed 
acquisition possible. 
2.2. Flow velocity measurement  
The SDOCT phase resolved flow measurement is based on the calculation of the phase difference 
between adjacent two A-lines. For simplicity, we only trace one moving particle. At the first A-line, the 
coherence spectrum introduced by this particle is: 
(3)                                             
S(k )is the light source spectrum; ER is the amplitude of the reference light; AS is the amplitude of the 
back scattering light of the particle; n is the refractive index of the sample; k is the wave number; z is the 
path length difference; ϕ0 is the random phase. I(k) is real and its direct Fourier transformation (FT) is 
complex. The amplitude of the FT denotes the structural image of the sample and its phase can be used to 
calculate the flow velocity. At the second A-line, time τ has passed and the absolute shift of the moving 
particle is S=vτ . Thus, the axial projection shift is Sz=vτ cosθ, where θ is the Doppler angle of the 
moving particles. Thus, the coherence signal changes to: 
SRR 0
                                                                                         
(4) 
Comparing equation (4) with equation (3), we can see that the relation between the phase difference ( 
Δϕ)and the velocity of the moving particle, v, is: 
SRR 0
                          
(5) 
So we can get the axial direction projection flow velocity:                                                                      
(6) 
 
The Doppler angle can be measured on the longitudinal scan image. The absolute blood flow velocity 
can be calculated then: 
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3. System design  
3.1. Interferometer 
The schematic of the experimental system was shown in Fig.1. The light source is a near-infrared 
superluminescent diode emitting at 1312nm with a 58nm FWHM and a maximal output power of 15mw. 
Theoretically, this light source gives 13μm axial resolution in air [6]. After passing through a fiber-based 
isolator and 1×2 fiber coupler, the source light was coupled into a fiber-based Michelson interferometer. 
The splitting ratio of the 2×2 fiber coupler is 50/50. Polarization controllers were used in both the 
reference and sample arms to achieve maximal interference contrast. A double path optical delay line is 
used in the reference arm to compensate the inherent dispersion existing in a fiber based system. In 
sample arm, lateral scanning was accomplished with an X-Y galvanometric scanning unit which is driven 
by two channel analog output from NI DAQ board (PCI 6711). A near IR achromatic doublets lens 
(f=50mm) is used to focus the sampling beam into the skin, resulting in ~16μm transversal resolution of 
the system. The light energy in the reference arm was controlled by a variable neutral density filter before 
reaching the detection arm, so that the maximum intensity on the linear CCD achieved approximately 
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85% of the camera’s saturation level of 4.6nW/pixel. The remaining 15%of the dynamic range of the 
camera was available to fill up the interference fringes. 
3.2.  High Resolution Spectrometer 
The detection unit of the system is a high resolution spectrometer. Exiting from the interferometer, 
interference light is collimated by a doublet lens (f=30mm) and irradiates to the surface of a diffraction 
grating (1145 lines/mm). Using a doublet imaging lens (f=120mm), dispersed light is focused on the CCD 
surface of a ultra-high speed line scan camera.  The calculated spectral resolution is 0.14nm/pixel, 
according to Eq.(3) the measurable range is 3.2mm in air. An image grabber (NI IMAQ PCI-1429) is 
used for fast data transformation between the camera and the PC. 
           
           
           
           
           
           
           
           
           
           
           
           
           
           
           
           
  
4. Results and discussion     
Using our system, we measured early stage(HH18) chicken embryo heart blood flow. In that stage, the 
heart is a pumping tube. We focused on the position of the heart outflow tract (OFT). In order to get the 
Doppler angle of the blood flow, longitudinal scan of the chicken embryo heart was performed using our 
SDOCT system. The scan speed of the system was set to 140 frames (images)/second and each frame 
consists of 256 A-lines. We selected one image in which the OFT had the most expansion (Fig.2) to 
measure the Doppler angle. The Doppler angle at the position (yellow line in Fig.2) is ~75º.  
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Fig.2 Longitudinal scan image of the  OFT 
Yellow line: cross-sectional scan position. We measured the
Doppler angle there on the image. 
Fig. 1. Schematic of our SDOCT system 
SLD: Broad Band Light Source; PC: Polarization Controller. 
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 Fig.3 Maximum blood flow velocity near the OFT inlet 
(a) M-mode image extracted from the sequence of cross-sectional images (one row over time). White line in (a) 
denotes the phase (time) of the cross-sectional images (b) and (c); (b) OCT structural image; (c)absolute velocity 
distribution image; (d) velocity profile across the white line (on (b)) of OFT 
(a) 
100µm 
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We then applied cross-sectional scan at the OFT and the position considered corresponds to the yellow 
line in Fig. 2. At this position we have a sequence of 200 frames (2D images) of raw data. For our 
analysis, we selected a phase (time) in which the blood vessel had maximum flow velocity. For the phase 
selected, we had both a structural image (Fig. 3(a)) and a Doppler SDOCT velocity distribution image, 
from which the projection of the blood flow velocity in the axial direction (vz) can be calculated. We 
corrected the velocity distribution within the OFT, vz, using the cosθ to get the absolute blood flow 
velocity distribution in the OFT (Fig. 3(b)). Further, blood flow velocity was quantified along a horizontal 
line (Fig. 3(c)) that approximately cut the OFT cross-sectional image in half (white line in Fig. 3(b)). 
5. Conclusion 
We present a new method to quantify absolute blood flow velocity based on Doppler spectral domain 
OCT, and we applied this method to measure blood flow velocity in the heart OFT of an early stage 
(HH18) chicken embryo. Comparing with traditional methods, our method can provide higher spatial 
resolution with high scan speed. 
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